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Examining different aspects of learning and memory, Claridge-Chang et al. (2009) and Krashes 
et al. (2009) converge on the same set of neurons in the protocerebral posterior lateral 1 (PPL1) 
cluster in Drosophila melanogaster. The different roles attributed to PPL1 neurons demonstrate 
heterogeneity of function in small neuronal subsets of the Drosophila brain.The biological basis of learning and 
memory is often viewed as the holy 
grail of neuroscience. It is no surprise 
then that the mammalian memory cen-
ter, the hippocampus, has been the 
focus of intense, ongoing research. 
However, while tremendous advances 
have been made in our understand-
ing of the neural circuitry within this 
structure, the sheer number of neurons 
and connections makes tracing the rel-
evant inputs and outputs involved in 
specific memory-related tasks rather 
challenging. Consequently, many have 
turned to model organisms that pos-
sess several orders of magnitude fewer 
neurons, including Drosophila melano-
gaster. In this issue of Cell (Claridge-
Chang et al., 2009; Krashes et al., 
2009), two research groups probed the 
neural circuitry beyond the fruit fly’s 
memory center, the mushroom bodies, 
by dissecting the functional contribu-
tion of discrete neuronal populations 
to associative learning. Remarkably, 
although the two articles focused on 
different aspects of olfactory learning 
and used different conditioning para-
digms, they converged upon a single 
set of dopaminergic neurons in the fly 
brain called the protocerebral posterior 
lateral 1 (PPL1) cluster.
One means to induce olfactory learn-
ing in Drosophila is through classical 
(i.e., Pavlovian) aversive conditioning; 
flies learn to associate a particular 
odorant with electric shock (Quinn et 
al., 1974). Claridge-Chang et al. (2009) 
eschewed the T maze apparatus tra-
ditionally used to condition and test whole groups of flies, instead adopting 
a setup capable of measuring the innate 
and shock-trained odorant preferences 
of single flies. The new setup involved 
placing individual flies in narrow tubes, 
perfusing odorants from both ends 
of the tube, and tracking the location 
preference of each fly. The benefit of 
this new approach is two-fold. First, it 
avoids the potential influence of a popu-
lation’s collective decision on individual 
flies (i.e., a “stampede” effect) (Quinn 
et al., 1974). Second, the authors were 
able to develop a conditioning paradigm 
more ethologically relevant than classi-
cal conditioning by delivering negative 
reinforcement only when flies chose the 
“wrong” scent. This new paradigm pro-
duced an “operant advantage,” as flies 
required less reinforcement to achieve 
the same performance as when classi-
cally conditioned.
Hypothesizing that the experience 
of the aversive reinforcement was 
delivered to the fly memory circuit via 
dopaminergic signaling (Kim et al., 
2007), the authors then tested whether 
dopaminergic signaling alone was suf-
ficient to condition flies. To this end, 
they first expressed the ATP-sensitive 
P2X
2 channel exclusively in dopamin-
ergic cells via a driver containing the 
promoter for tyrosine hydroxylase (TH-
GAL4), the rate-limiting enzyme in dop-
amine synthesis. Then, to open these 
channels, the authors injected every 
fly with photoactivatable, caged ATP 
and delivered pulses of light, which 
depolarize only the cells expressing 
the P2X2 channel, potentially enhanc-Cell 139ing synaptic transmission by those 
cells. Claridge-Chang et al. (2009) 
found that activation of dopaminergic 
cells by this method could substitute 
for electric shock in the conditioning 
paradigm. Conversely, blockade of 
electrical activity in dopaminergic cells 
by expression of the Kir2.1 potassium 
channel impaired learning. Interest-
ingly, expression of these transgenes in 
a subset of dopaminergic neurons via 
the HL9-GAL4 driver elicited no effects 
on learning. These results allowed the 
authors to map brain areas critical for 
conditioning to four dopaminergic cell 
clusters that express the TH-GAL4 but 
not HL9-GAL4 driver. Because mush-
room body dopamine receptors are 
critical for learning (Kim et al., 2007) 
and, of the four candidate clusters, 
only the PPL1 directly innervates the 
mushroom bodies, the authors con-
cluded that this area likely provides the 
aversive reinforcement signal to the 
memory circuit.
Krashes et al. (2009) also studied asso-
ciative olfactory learning, but focused 
primarily on the influence of behavioral 
state on memory retrieval. They utilized 
an appetitive conditioning paradigm in 
which flies learn to associate an odorant 
with a sucrose reward, but only exhibit 
memory performance if starved before 
testing. This led the authors to seek out 
a neural representation of hunger and 
satiety that feeds into the mushroom 
bodies.
Neuropeptide Y in mammals and its 
Drosophila ortholog neuropeptide F 
(dNPF) both appear to regulate food-, October 16, 2009 ©2009 Elsevier Inc. 225
Figure 1. PPL1 Neurons in Memory Formation and Retrieval
The mushroom body (MB, blue), a neuroanatomical structure, plays a significant role in olfactory 
learning and memory in Drosophila melanogaster. Olfactory input to the mushroom bodies likely 
enters through synapses on Kenyon cell (KC) dendrites, and KCs transmit the information to vari-
ous lobes of the mushroom body (α, β, α′, and β′ lobes are shown here). Projections from KCs to 
the lobes occur in fasciculated axonal tracts (peduncles), although individual fibers are shown here 
for the sake of simplicity. Krashes et al. (2009) hypothesize that three dopaminergic PPL1 neurons 
(red) send inhibitory projections specifically to the α/β neurons as they traverse the mushroom body 
peduncle and heel (another subregion of the mushroom body, not shown here). Thus, inhibitory dNPF 
signaling (dNPF, white) gates memory retrieval by disinhibiting Kenyon cell signaling to the α and β 
lobes. The remaining PPL1 neurons (green and purple) may transmit aversive reinforcement signals 
(Claridge-Chang et al., 2009). Krashes et al. (2009) identified one of these PPL1 neurons (purple) 
as projecting only to the alpha lobe, but found no role for it in memory retrieval. Projections of the 
remaining neurons (those shown in green) are inferred from available information about connections 
between the PPL1 and the mushroom body. This schematic is drawn to highlight signals from the 
PPL1 to the mushroom body and not for anatomic correctness.seeking behaviors in their respective 
species. (Wu et al., 2005; Gruninger et 
al., 2007) Krashes et al. (2009) report 
that dNPF also influences the state-
dependent retrieval of olfactory mem-
ory, as activation of dNPF-containing 
neurons (through ectopic dTrpA1 ion 
channel expression) allowed satiated 
flies to exhibit robust memory perfor-
mance. Thus, for appetitive condition-
ing, enhanced dNPF signaling mimics 
the food-deprived state.
The authors then addressed the 
relevant targets of dNPF neurons by 
expressing RNA interference (RNAi) for 
the dNPF receptor throughout the Droso-
phila brain. Although pan-neuronal RNAi 
expression dramatically impaired mem-
ory performance in starved flies, imitat-226 Cell 139, October 16, 2009 ©2009 Elseving the effect of satiety, no mushroom 
body-specific drivers were capable of a 
similar effect, suggesting that the mush-
room body is not the direct dNPF target. 
Instead, only one restricted GAL4 driver 
impaired memory performance: c061-
GAL4.
The expression pattern of the c061-
GAL4 driver included a small subset of 
dopaminergic PPL1 neurons that inner-
vates an area of the mushroom bod-
ies thought to be critical for appetitive 
memory retrieval (Krashes et al., 2007). 
Blocking output from these mushroom 
body-innervating neurons with temper-
ature-sensitive dynamin (i.e., shibirets1) 
effectively promoted memory perfor-
mance in satiated flies. Conversely, 
activating these neurons with temper-ier Inc.ature-sensitive ion channels blocked 
performance in hungry flies. Krashes 
et al. (2009) thus posit that dNPF pro-
motes appetitive memory performance 
by inhibiting PPL1 neurons, thereby dis-
inhibiting PPL1 targets in the mushroom 
bodies.
At first glance, the two papers appear to 
report different effects of PPL1 activation 
on memory performance. However, there 
are two important distinctions between 
the studies: the groups explored different 
subsets of PPL1 neurons and fundamen-
tally different memory-related processes. 
Claridge-Chang et al. (2009) focused 
on formation, while Krashes et al. (2009) 
focused on retrieval. The latter even tested 
their PPL1 subset for a contribution to 
olfactory learning, but found none.
Together, these studies suggest that 
there are distinct neuroanatomical cor-
relates within the PPL1 for different 
memory-related processes, consistent 
with a recent study documenting the 
heterogeneity of PPL1 neurons (Mao and 
Davis, 2009). In examining three spe-
cific mushroom body-innervating PPL1 
neurons relevant for memory retrieval, 
Krashes et al. reported projections 
only to the heel and peduncle subre-
gions of the mushroom body. However, 
Claridge-Chang et al. found that the 
PPL1 as a whole also has projections 
to the vertical branch of the mushroom 
bodies (i.e., the α and α′ lobes), likely 
arising from neurons other than those 
described by Krashes et al. (Figure 1). 
While these other neurons may under-
lie the reinforcement signal, an indirect 
mushroom-body input from the other 
three clusters described by Claridge-
Chang et al. remains possible.
In conclusion, these two articles pro-
vide insight into the neuroanatomical 
inputs to the mushroom bodies that are 
critical for learning and memory in Dros-
ophila. Additionally, the mapped connec-
tion between learning and hunger raises 
questions about other physiological 
states that impact learning and memory. 
Sleep, for instance, and its effects on 
learning are regulated in the mushroom 
bodies by serotonin and dopamine sig-
naling, respectively (Yuan et al., 2006; 
Seugnet et al., 2008). Future research 
efforts may indicate how signals reflect-
ing these different behavioral states are 
integrated in the fly brain.
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Although structurally unrelated to 
Wnt proteins, Norrin is a direct ligand 
for the Frizzled-4/Lrp5 complex, a 
component of the canonical Wnt sig-
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the respective mouse knockout models 
resemble each other. Second, Norrin 
binds with high affinity and specificity 
to Frizzled-4, and coexpression of Nor-
rin, Frizzled-4, and Lrp5 potently acti-
vates Wnt signaling (Kato et al., 2002; 
Xu et al., 2004; Richter et al., 1998; 
Luhmann et al., 2005; Xia et al., 2008). 
Junge et al. (2009) and Ye et al. (2009) 
now provide insight into how Nor-
rin activates canonical Wnt/β-catenin 
signaling through Frizzled-4 and Lrp5 
to control vascularization of the retina 
during development.
Although Norrin/β-catenin signal-
ing is known to be required for retinal 
vascular development, it was not clear 
whether this pathway was activated in 
neurons, glia, or endothelial cells in 
the retina. Combining mouse genetic 
and cell culture approaches, Ye et al. 
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